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Abstract—Public subway transport networks require reliable
high data reate wireless communication systems. One way to in-
crease the maximum theoretical capacity in a certain environment
is to apply the known MIMO techniques in order to maximize the
presence of orthogonal sub-channels in a certain radio-channel.
In this work the authors present a method to assess the impact of
the position inside the tunnel and the diversity configuration of
the antennas of the considered MIMO system on the maximum
theoretical capacity of the radio-channel inside subway tunnels.
I. INTRODUCTION
Recent projects on communication systems working at
subway and train environments have included a high data rate
wireless communication network deployment in their designs.
This need has triggered the research studies on how to model
the propagation in train tunnels [1], [2], [3], [4], [5], [6].
In this work the authors study the impact on the maximum
theoretical capacity of the array position inside the tunnel and
the polarization diversity technique when a 2 transmitting and
2 receiving elements structure is considered. This analysis is
based on the modal decomposition of the electrical field inside
tunnels presented at [7], [8] and [9], and the propagation in
the spectral domain presented at [10] and [11].
A quasi-static radio-propagation channel is assumed with a
sampled channel matrix Hˆ for a MxM MIMO system. This
channel matrix is computed for different antenna position and
orientation as a function of the distance between thransmitter
and receiver. Two canonical tunnel cross-section are consid-
ered: reactangular and circular (see Fig. 1).
Once the matrix Hˆ is obtained, the channel correlation matrix
at the receiver, RR, can be computed by Eq. 1
RR = HˆHˆH (1)
where (·)H means transponse conjugate.
The Singular Value Decomposition (SVD) described by Eq.
2, provides information about how the possible sub-channels
are weighted.
RR = UΣV H (2)
Σ =

σ1 0 . . . 0
0 σ2 . . . 0
...
...
. . .
...
0 0 . . . σi
 (3)
A suitable parameter to evaluate the MIMO performance in
terms of increment of the maximum theoretical capacity is the
(a)
(b)
Fig. 1. Considered tunnels. (a) Rectangular tunnel cross section. (b) Circular
tunnel cross section.
Effective Degrees of Freedom (EDOF) parameter [12] defined
by the Eq. 4 as the significance of the second eigenvalue of
RR compared with the first one.
EDOF =
∑M
i=1min(σi)
max(σi)
(4)
This value measure the uncorrelation between the two possible
signals for a given channel matrix Hˆ by its correlation channel
matrix at the receiver RR.
Keeping these definitions in mind, this work is focused on
analyzing the influence of the Multi-Element Antenna (MEA)
placement and the elements polarization on the EDOF distribu-
tion along distance for two canonical cross-section: rectangular
and circular.
In section II the authors summarize the method applied to
obtain the channel matrix considering a 2x2 MEA inside the
tunnel. In section III a brief description of the simulations
which have been carried out during the study is provided
and the obtained results are commented. In section IV the
Fig. 2. System block diagram of the applied method to estimate the channel
matrix H.
possibilities of the MEA placement and configuration in terms
of EDOF improvement are discussed.
II. CHANNEL MATRIX ESTIMATION
The method applied to evaluate the impact of the mentioned
parameters of the MEA on the EDOF distribution along
distance is based on the modal decomposition of the field
radiated by the antennas in the tunnel. A brief description of
the applied method and the modal computation of the electrical
field on the tunnel cross section is presented.
A. Estimation Method
Fig. 2 shows a system block diagram which summarizes the
method to estimate the channel matrix Hˆ .
Let us place Q antennas inside the tunnel excited by a
certain input current. Let us consider m different relevant
modes propagating in the tunnel when it is considered as a
dielectric waveguide.
The field in the cross-section of a certain tunnel is given by
Eq. 5.
~E(x, y) =
N∑
n=1
An ~en(x, y) (5)
where An are the excitation coefficients of each mode and
~en(x, y) the field distribution of the mode. Considering an
antenna that produces a eˆf (x, y) electric field distribution on
the tunnel cross section, the An values are computed by Eq. 6.
An =
∫ ∫
~en(x, y) ~ef
∗(x, y)dS (6)
where eˆf (x, y) is calculated by the method presented at
[10] and the integral is extended over the surface of the cross-
section.
Therefore, the channel matrix can be estimated by Eq. 7
H¯ = E¯TQ
H
γ¯E¯Rq (7)
where ET,RQ are the coefficient matrices which express the
coupling between antennas and modes, at the transmitter (T)
and at the receiver (R) and γ¯ is the diagonal matrix given by
Eq. 8.
γ¯ =

e−γ1z 0 . . . 0
0 e−γ2z . . . 0
...
...
. . .
...
0 0 . . . e−γkz
 (8)
B. Modal Analysis inside Tunnels
Fig. 1 shows the cross section of the tunnels that have
been considered in this work. For both cases the electric and
magnetic field can be expressed by Eq. 9.
Ez = eze−γz
Hz = hze−γz (9)
where γ is the propagation constant with γ = α + jβ. The
studies presented at [8], [7] and summarized in [9] gives the
final expressions of the longitudinal transversal fields for both
cases, circular and rectangular tunnel (Eq. 11 and Eq. 12).
If the z-oriented fields inside a circular tunnel are given by
Eq. 10.
Ez = Acos(νφ)Jν(kρ)eγz
Hz = Bsin(νφ)Jν(kρ)eγz (10)
where Jν is the First Kind Bessel Function, ν is the mode
index and k2 = γ2 +ω2µ with  the complex permittivity of
the tunnel walls. Then, the transversal electrical and magnetic
fields inside circular tunnels are given by Eq. 11.
Eφ =
1
k2
[iωµ0
∂
∂ρ
Hz − γ
ρ
∂
∂φ
Ez]
Eρ =
−iωµ0
k2
1
ρ
∂
∂φ
Hz +
1
γ
[
ω2µ0
ω2µ0+ γ2
− 1] ∂
∂ρ
Ez (11)
Following the approximations presented at [7] the transversal
electric field inside a rectangular tunnel is give by Eq. 12.
Enmx =
[sin(xmpi2a )
cos(xmpi2a )
]
.
[sin(ynpi2b )
cos(ynpi2b )
]m, even;n, even
m, odd;n, odd
Enmy =
[sin(xmpi2a )
cos(xmpi2a )
]
.
[sin(ynpi2b )
cos(ynpi2b )
]n, even;m, even
n, odd;m, odd
(12)
where n and m are the mode index for an hybrid HEnm mode.
The complex propagation constant γ is computed by the
approximations presented at [9] which provide the complex
propagation constants given in Eq. 13 for the circular tunnels
and Eq. 14 for the rectangular tunnels.
kˆa
TE
m = [(ka)
(1)
m [1 +
j
k0a(− 1) 12
]]
kˆa
HE
nm = [[1 +
j(+ 1)
2k0a(− 1) 12
]] (13)
where (ka)(1)m is the solution of J1(ka) = 0 and kˆanm is
computed for the HE and TE relevant modes [9].
Im(kx) = −1
a
(mλ
4a
)2
Re
[ 
(− 1) 12
]
− 1
b
(nλ
4b
)2
Re
[ 1
(− 1) 12
]
Re(kx) =
2pi
λ
[
1 − 1
2
(mλ
4a
)2
− 1
2
(nλ
4b
)2]
Im(ky) = −1
a
(mλ
4a
)2
Re
[ 1
(− 1) 12
]
− 1
b
(nλ
4b
)2
Re
[ 
(− 1) 12
]
Re(ky) =
2pi
λ
[
1 − 1
2
(mλ
4a
)2
− 1
2
(nλ
4b
)2]
(14)
Fig. 3 shows some examples of the field distributions for the
rectangular tunnels computed with the expressions presented
above.
(a)
(b)
(c)
Fig. 3. Examples of the X-polarized electrical field distributions for a
rectangular tunnel. (a) EH11 mode. (b) EH12 mode. (c) EH13 mode.
III. EDOF SIMULATIONS
In order to evaluate the influence of the MEA placement and
polarization on the MIMO performance, the behavior along
distance of the EDOF figure of merit defined by Eq. 4 is
studied.
The simulations carried out for a circular tunnel are depicted
at Fig. 4 where a circular tunnel of r = 2m and  = 12,
σ = 0.02 Sm as an electric constants of the tunnel walls
are considered. The simulations carried out for a rectangular
tunnel are depicted at Fig. 6 where 2a = 7.8m and 2b = 5.3
and electric constants of  = 5 and σ = 0.01 Sm are considered.
A. Circular Tunnel Simulations
Inside the circular tunnel described above two infinitesimal
dipoles have been considered as transmitting MEA in three
different postions with a 6λ antenna spacing and no polariza-
tion coupling between elements. The three positions have been
propossed in order to simulate the possible placement of a real
base station inside the tunnel. These placements are described
by their angular parameter as follows:
• pos1: Φ0 = pi2
• pos2: Φ0 = pi4
• pos1: Φ0 = pi
where Φ0 is the angular posistion of the MEA and Φ is defined
in the Fig. 1(b).
The receiving MEA has been placed at the center of the tunnel
with 6λ antenna spacing and it has been moving along a
straight tunnel during 600m simulating the train movement
inside the tunnel and the MEA placement on the train. The
estimated channel matrix has been computed each meter with
two polarization configuration at the transmitting and receiving
MEAs simultaniusly, Horizontal-Horizontal (HH) polarization
and Vertical-Horizontal (VH) polarization.
Fig. 5 shows the EDOF distribution along distance for the
simulations carried out. This EDOF distribution shows the
effect of the polarization diversity technique over the MIMO
performance of the system which will be translated to a
slight increment of the maximum theoretical capacity. This
figure also shows the impact of the different positions of the
transmitting MEA.
B. Rectangular Tunnel Simulations
In order to compere the EDOF distribution behavior inside
different kind of tunnels, the simulations presented at section
III-A have been reproduced for the rectangular tunnel de-
scribed at the beginning of the section III. These experiments
are depicted at Fig. 6 and their results are depicted at Fig. 7.
The EDOF distribution along the considered rectangular
tunnel shows a smoother behavior than in the circular tunnel.
This effect has its origin on the fact that there is a richer set
of modes excited by the antennas in a circular tunnel than in
the rectangular one where only the hybrid modes are allowed
[7].
(a) (b)
(c)
Fig. 4. Experiments to evaluate the impact of the MEA placement and
configuration in circular tunnel for a 6λ antenna spacing and real placements
of the transmitting and receiving MEA. (a) TX MEA at position pos1 (b) Tx
MEA at position pos2. (c) TX MEA at position pos3.
Fig. 5. EDOF distribution along distance for the optimal position of the
transmitting MEA with a 6λ antenna spacing and receiving MEA simulating
the train position in a circular tunnel.
C. Cross-Polarization Discrimination (XPD) Simulations
The analysis presented at section III-A and III-B leads
to conclude that the combination of spatial and polarization
diversity is a good method to improve the MIMO performance
of a communication system based on MEAs working in
subway environments. However recent studies [13] [3] [14]
[6] have shown that these diversity techniques provide a low
increment on the maximum theoretical capacity when they are
applied in a subway and tunnel environments.
The main contributtion on the degradation of the MIMO
performance is due to the XPD degradation [3] [15]. In
this work, the authors have analyzed the effect of the XPD
degradation due to the cross-polar radiation of the antennas in
rectangular tunnels.
Let us consider a rectangular tunnel with the same physical
(a)
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Fig. 6. Experiments to evaluate the impact of the MEA placement and con-
figuration in rectangular tunnel for a 6λ antenna spacing and real placements
of the transmitting and receiving MEA. (a) TX MEA at position pos1 (b) Tx
MEA at position pos2. (c) TX MEA at position pos3.
Fig. 7. EDOF distribution along distance for the optimal position of the
transmitting MEA with a 6λ antenna spacing and receiving MEA simulating
the train position.
characteristics of the tunnel considered at section III-B. Let
us consider a transmitting and receiving MEA with a VH
configuration and 6λ antenna spacing where an excitation of
the cross polarization about 0.1 has been assumed at each
element of the MEA (this value produces XPD of 20dB).
Fig. 8 shows the impact on the EDOF distribution along
distance of the finite XPD of the transmitting and receiving
MEA elements when the same transmitting MEA positions
Fig. 8. EDOF distribution along distance for the optimal position of the
transmitting MEA with a 6λ antenna spacing and receiving MEA simulating
the train position in a circular tunnel. a 20dB XPD is considered at both
MEAs
are considered. This figure shows the degradation of the
MIMO performance when a finite XPD is considered at the
transmitting and receiving MEAs.
IV. CONCLUSIONS
In this work a method to study the MIMO performance
of a system which works with a MEA as a transmitter and
receiver inside tunnels is presented. This method provides
information about how the orthogonal modes are excited
inside circular and rectangular tunnels and includes the effect
of the MEAs positions inside the tunnel and the polarization
diversity technique applied on the MIMO performance.
The work also presents the EDOF distribution along
distance for several cases of transmitting MEA positions
and polarization of both MEAs (TX and RX) when a real
scenario is considered (position of the MEAs and finite XPD
of the transmitting and receiving MEAs). This cases have
lead to conclude that the polarization diversity technique
is needed in order to improve the MIMO performance
of the system. This is due to the relation between the
orthogonal-subchannels generated inside the tunnel by the
excitation and the excited ’wave-guide’ modes inside it [1] [4].
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